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Abstract—Multi-gigabit 60 GHz radios are expected to match
QoS requirements of modern multimedia applications. Several
published standards were deﬁned based on performance evalua-
tions over standard channel models. Unfortunately, those models,
and most models available in the literature, do not take into
account the behavior of 60 GHz channels at different carrier
frequencies, thus no guidelines are provided for the selection of
the best suitable frequency band for a given service. This paper
analyzes the impact of changes in multipath proﬁles, due to both
frequency and distance, on the BER performance achieved by
IEEE 802.11ad 60 GHz radios. Our analysis is based on real
experimental channel impulse responses recorded through an
indoor measurement campaign in seven sub-bands from 54 to
65 GHz with a break at 60 GHz at distances from 1 to 5 m.
The small-scale fading is modeled by Rician distributions with
K-factors extracted from experimental data, which are shown to
give good agreement with the empirical distributions. A strong
dependence of performance on both frequency and distance due
to the sole multipath is observed, which calls for an appropriate
selection of the best suitable frequency band according to the
service required by the current session over the 802.11ad link.
I. INTRODUCTION
One of the main reasons for the tremendous interest in 60
GHz wireless technology is certainly the largest, continuous
and unlicensed band which is less restricted in terms of
power limits compared with other bands, and hence it has the
potential for achieving multi-gigabit data rates. The possibility
of exploiting the huge bandwidth available for 60 GHz systems
could simplify the overall system design and reduce the
complexity of modern wireless multiple access technologies.
One of the main advantages of 60 GHz technologies is
the fact that multi-gigabit data rates can be achieved with
drastically lower spectral efﬁciency (bits/s/Hertz) than other
contemporary wireless technologies [1]. It is well known that
high spectral efﬁciency implies high sensitivity to co-channel
interference, directly affecting the link capacity, which is the
most crucial Quality of Service (QoS) parameter for future 60
GHz wireless multimedia applications.
Several standards have been published targeting 60 GHz phys-
ical (PHY) and data link layer (DLL) for wireless personal and
local area networks, such as 802.11ad, 802.15.3c, ECMA-387
[2]–[4]. Proposals to the standards have been extensively tested
against standard channel models. Studies on performance of
802.11ad 60 GHz systems are reported in the literature for both
single carrier (SC) and multi-carrier (OFDM) conﬁgurations.
Authors in [5] analyzed the impact of hardware impairments
on bit error rate (BER) taking into account both the phase
noise and the non-linear distortion of the power ampliﬁer.
Higher modulation and coding schemes (MCSs), like, e.g.,
the 16-QAM and 64-QAM, revealed to be highly sensitive
to these impairments if compared to QPSK, which is, in
general, the best choice. 16-QAM has better performance
when the back-off power of the ampliﬁer is large. Related
and similar conclusions in terms of the effects of power
distortion and phase noise are reported in [6], where single
carrier 802.11ad systems are evaluated over AWGN and fading
channels against different trafﬁc models with corresponding
data rate requirements. Performance evaluation of MIMO
and SISO 802.11ad systems is conducted in [7], where it is
reported that higher signal-to-noise ratio (SNR) is required to
maintain higher data rates, i.e. higher MCSs. This work also
pointed out the distance-throughput correlation for SISO and
MIMO systems and reported that an almost linear decrease in
achievable data rates from 6.8 to 2 Gbps for SISO simulations
is observed by increasing the distance from 1 to 5 meters.
The other important factor that strongly inﬂuences the BER
performance is the carrier frequency. Distance and frequency
determine both the path loss attenuation the signals undergo,
affecting their SNRs according to the Friis equation, and
the multipath composition of the power-delay proﬁles (PDPs)
at the receiver. Actually, changes in the transmitter-receiver
separation distance imply that as the locations of the trans-
mitter and/or receiver have changed, the relative positions
of scatterers around them have changed as well, affecting
the multipath composition of the PDPs. On the other hand,
signal interaction properties of materials composing the same
scatterers strongly depend on the signal carrier frequency, thus
the multipath’s composition of the PDPs changes according to
the signal carrier frequency. Unfortunately, this aspect has not
been extensively analyzed yet. Due to the scarce availability
of channel measurements at multiple carrier frequencies, per-
formance evaluations are usually provided at a single carrier
frequency. Experimental data for 60 GHz channels at different
carrier frequencies enabled the analyses in [8]–[10], where a
IEEE ICC 2014 - Wireless Communications Symposium
978-1-4799-2003-7/14/$31.00 ©2014 IEEE 5878
strong dependence of channel sparseness, path loss and delay
spread on frequency has been highlighted. This is the initial
point of our concern about the impact of frequency on the
overall system performance.
In this paper, based on experimental data reported in [8]–
[10], we investigate the performance of 60 GHz OFDM
IEEE 802.11ad SISO system in multiple scenarios differing
in terms of operating carrier frequency, adopted MCSs and
transmitter-receiver separation distance. Among the numerous
MCSs deﬁned in the IEEE 802.11ad standard, we consider, as
exemplary of low, average and high performance, the MCS
indices 15, 18 and 22, corresponding to QPSK 1/2 low-
density parity-check code (LDPC), 16-QAM 1/2 LDPC and
64-QAM 5/8 LDPC, respectively. According to the 802.11ad
PHY speciﬁcations, these MCSs correspond to 1 Gbps, 2.772
Gbps and 5.195 Gbps in OFDM - multicarrier mode. These
rates satisfy the QoS requirements for most of recent standards
for uncompressed video transfer. Our analysis is based on
an accurate link level simulator, where the link channel is
modeled based on actual channel impulse responses (CIRs) of
60 GHz channels measured at University of L’Aquila, Italy,
at seven different frequency carriers. Signiﬁcantly different
behaviors are observed especially when the carrier frequency
changes over short-range transmissions. Very high data rates
are prohibitively penalized at the highest frequencies.
II. THE IEEE 802.11AD STANDARD
Two IEEE working groups were established to overcome the
data rate limits of 802.11 wireless LANs, which started facing
the future usage models with high demands for multimedia
applications. The TGac was created to specify extensions of
802.11n with challenge to achieve 1 Gbps (802.11ac). The
TGad proposed the 802.11ad, in partnership with WiGig, with
target to provide up to 7 Gbps by using 2 GHz of the spectrum
at 60 GHz [4]. The 802.11ad PHY standard, which is the target
of this paper, is brieﬂy summarized in the following.
MCSs in 802.11ad are represented with indices from 1 to
24. Indices from 1 to 12 employ single carrier modulations:
BPSK, QPSK and 16-QAM, referred to as Single Carrier PHY
(SCPHY), whereas MCS indices from 13 to 24 are dedicated
to multi-carrier OFDM modulations with QPSK, 16-QAM
and 64-QAM, referred to as OFDMPHY. Both SCPHY and
OFDMPHY apply almost identical encoding schemes with
difference only in implementation of error protection ratio and
depth of modulation to the SC and OFDM data carriers. MCSs
with indices from 13 to 16 are mandatory with purpose to
provide interoperability among OFDM based devices.
LDPCs are implemented in SC and OFDMPHY for error
correction based on a common 672-bit codewords each car-
rying 336, 504, 420 and 546 payload bits to achieve rates
of 1/2, 3/4, 5/8 or 13/16, respectively. OFDM in 802.11ad is
realized with 512-point FFT and 336 data carriers, 16 ﬁxed
pilot carriers and the cyclic preﬁx is deﬁned as 25% of the
symbol period. The control channel messages are transferred
by MCS 0 in the lowest throughput mode and referred to as
Fig. 1. Simulation model implemented in Agilent SystemVue
Control PHY (CPHY). Accordingly to the 802.11ad speciﬁca-
tion, support of OFDM is not mandatory, but it is implemented.
Although unpredictable PAPR (Peak to Average Power Ratio)
is experienced in OFDM systems, they still achieve higher
energy per bit and better robustness to multipath propagation
than SC systems.
III. SIMULATION MODELS
Our BER performance analysis is based on the Agilent’s
SystemVue 2013.01 802.11ad baseband veriﬁcation SISO sim-
ulator, which includes the 802.11ad transmitter and receiver as
built-in components that correspond to [4].
According to the simulator’s block diagram shown in Fig. 1,
the ﬂow in the simulation model is as follows. Input to the
simulation model is given by the “Data Stream” block as
bit sequence of Physical Layer Service Data Units (PSDUs)
and then processed by the “802.11ad Transmitter” block.
The output sample rate is 2.64 GHz as established by the
speciﬁcations for OFDM modulations (MCSs 13-24). The
1x-sampled complex baseband signal at the output of the
“802.11ad Transmitter” block is then ﬁltered by the “OFDM
Filter” block that implements a ﬂat top ﬁlter with a pass band
of 2.5 GHz and order 96. The signal at the ﬁlter output is
modulated according to one of the considered MCSs by the
block “MOD”. As mentioned in the introduction, we consider
the MCS indices 15, 18 and 22, which correspond to QPSK
1/2 LDPC, 16-QAM 1/2 LDPC and 64-QAM 5/8 LDPC,
and provide data rates of 1 Gbps, 2.772 Gbps and 5.195
Gbps, respectively, in OFDM - multicarrier mode. The signal
bandwidth is set to 1.83 GHz according to the 802.11ad PHY
speciﬁcations for OFDM systems. The modulated signal at the
output of the “MOD” block is then fed into the “CHANNEL”
block, which is a user-deﬁned block that implements the
wireless channel model as a tapped-delay line. Our implemen-
tation of the CHANNEL block uses experimental CIRs and
deserves a detailed description, which is provided in Sec. IV.
A “noise” term is included in the “CHANNEL” block, whose
level is generated such that the desirable SNR value for the
BER calculation is achieved. Finally, the received symbols are
demodulated by the “DEMOD” block and processed by the
“802.11ad Receiver” block. The extracted bits are compared
with the original sequence in the “BER” block, in order to
count the number of errors as number of differences in the
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bits of the transmitted and received bit-streams in the PSDU
frames.
IV. THE 60 GHZ CHANNELS
The wireless channel model (“CHANNEL” block) in the
SystemVue simulation environment is a tapped-delay line
model where each bin is characterized by delay time, average
power path-gain and Rician K-factor. Rician distributions are
used to model the small-scale statistics.
Delay times and path-gains are taken from the experimental
PDPs as obtained through the post-processing calculations
described in Sec. IV-A. The Rician K-factors are obtained by
the post-processing procedure described in Sec. IV-B, where
a good agreement is shown between these Rician distributions
and the empirical distributions. This is not surprising, because
the study in [10] showed that the ﬁrst path is always much
stronger than the diffuse part in all PDPs obtained from the
same set of experimental CIRs used in this paper. This is the
typical behavior of Rician channels.
A. The Experimental PDPs
An extensive measurement campaign of 60 GHz chan-
nels was realized in a modern building at the University
of L’Aquila, Italy. Measurements were collected by omnidi-
rectional antennas in both line-of-sight (LoS) and non-LoS
(NLoS) cases, in a typical ofﬁce environment, in different lo-
cations and moving the receiver over a grid of 9 × 9 positions,
in order to characterize both the large and the small scale
statistics. The measurement scenario is presented in Fig. 2. It
consists of two typical ofﬁce rooms delimited by concrete,
with several windows, desks, bookcases and cabinets. For
more detailed information about the measurement setup and
procedure, we refer the interested readers to [8].
The channel probe is a train of pulses shaped by a PN–
sequence given by:
s(j)(t) = sbb(t) cos(2πf
(j)
c t) for j = 1, 2, . . . , 7, (1)
where
sbb(t) =
Kc∑
k=1
ckw(t− kTc), (2)
is the baseband signal, which has a bandwidth of 1.2 GHz,
ck ∈ {−1,+1} is the chip value of the m-sequence modula-
tion, Kc = 1023 is the sequence period, Tc = 0.8 ns is the chip
time, w(t) is the pulse waveform [11] and f (j)c = f IFc +f
UP(j)
c
is the j-th 60-GHz carrier frequency, with f IFc = 4.78 GHz
and
fUP(j)c =
{
50 GHz+ l ·BIF for f (j)c ∈ BL
57 GHz+m ·BIF for f (j)c ∈ BH
(3)
where l = 0, 1, 2, 3, m = 0, 1, 2, BL is the low band from 54
to 59 GHz and BH is the high band from 61 to 65 GHz.
Fig. 2. Measurement Scenarios
The received signal as recorded by the DSO at 20 Gsam-
ple/s, i.e. after the down-conversion to f IFc , results:
r(t) =
Npath∑
i=1
Aisbb(t− τi)
[
cos(φi) cos(2πf
IF
c t)+ (4)
+ sin(φi) sin(2πf
IF
c t)
]
where Ai, τi and φi are, respectively, the amplitude gain, the
delay shift and the phase shift introduced by the propagation
channel on the i-th multipath component (MPC) and Npath is
the number of MPCs at the receiver.
The received signal is then demodulated by a local carrier
at the nominal frequency of 4.78 GHz, and cross-correlated
with an opportune sequence template, in order to “remove”
the m-sequence. Finally, the CIR is obtained by deconvolving
the amplitude-delay proﬁle through the CLEAN algorithm [9].
For each location r, Ns = 81 sample PDPs are obtained,
each represented by the set of pairs of delay times and
associated path-gains of MPCs. The Ns PDPs collected on
the grid at each location r are averaged over the small-scale,
giving the small-scale averaged (SSA)-PDP, P (r)SSA. The SSA-
PDPs are then normalized such that their energy E(r)SSA−PDP
is unitary:
E(r)SSA−PDP =
N
(r)
path∑
i=1
∣∣∣A(r)i
∣∣∣
2
= 1, (5)
thus only the effects of the small scale statistics are taken
into account, since the path loss attenuation due to both the
increasing frequency and distance is normalized out.
The pairs of delays and associated normalized path-gains
of the SSA-PDPs are used as delays and path-gains of
the wireless channel model implemented in the user-deﬁned
CHANNEL block of Agilent SystemVue simulator. The last
parameter of the CHANNEL block is the Rician K-factor,
which is obtained by the post-processing procedure described
in the following subsection.
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Fig. 3. Empirical CDFs and the correspondent Rician ﬁtting for two
exemplary bins of the CIR recorded at 1 m distance at a carrier frequency of
55.98 GHz.
B. The small scale statistics
It is a very common practice in wireless communication to
describe the amplitudes envelope of the channel with the Ri-
cian distribution K-factor. This factor characterizes statistically
the distribution of the received signal amplitude envelope and
it is a measure of the relative strength of the LoS signal power
compared to scattered MPCs. In other words, representing the
CIR h(t) as [10], [12]:
h(t) = A expjφ0 +hd(t) (6)
where A and φ0 are amplitude and phase, respectively, of the
dominant MPC and hd(t) is the diffuse component given by
the sum of a large number of MPCs, constituting a complex
Gaussian process with variance 2σ2, the K factor is given by
K = A2/(2σ2).
Several K-factor estimation methods are available in the
literature. The most commonly used are based on the method
of moments (MoM), which simpliﬁes calculation procedures
and minimizes the processing time. We apply the method of
moments proposed in [13], where the K-factor for the ith
delay bin, for i = 1, 2, . . . , Ns, is estimated in terms of two
moments calculated directly from the set of amplitudes and
corresponding normalized power gains of the ith delay bin of
the experimental received Ns sample PDPs. The ﬁrst moment
is the average power gain of the ith delay bin over the Ns
sample PDPs, given by
Gm,i =
1
Ns
Ns∑
n=1
A2i,n. (7)
The second moment is the RMS ﬂuctuation of the power
received in the ith delay bin of the Ns sample PDPs about
the average Gm,i and is given by
Gv,i =
√√√√ 1
Ns
Ns∑
n=1
(
A2i,n −Gm,i
)2
. (8)
The K-factor for the ith delay bin is given by [13]
Ki =
|V |2
σ2i
(9)
where
|V |2 =
√
G2m,1 −G2v,1 (10)
Fig. 4. The BER vs. SNR for QPSK modulated signals as a function of
frequency for three transmitter-receiver distances.
and
σ2i = Gm,i −
√
G2m,i −G2v,i. (11)
Although K-factor variability is experienced in mobile com-
munications caused by several factors as time, frequency and
space variations [14], our simulations assume constant K-
factors per each delay bin, because we consider static 60
GHz wireless nodes. Fig. 3 shows two exemplary empirical
cumulative distribution functions (CDFs) for two bins of
the CIR recorded at 1 m distance at a carrier frequency of
55.98 GHz. The Rician ﬁtting CDFs, whose K-factors have
been obtained from the experimental data by (9), give a good
agreement with the empirical CDFs.
V. SIMULATION RESULTS AND DISCUSSION
We run link level simulations for seven different carrier
frequencies and three different transmitter-receiver distances.
The number of sent packets is ﬁxed to 100 for each MCS
in all simulation scenarios. Among the whole set of MCSs
included in the IEEE 802.11ad standard we consider the limit
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Fig. 5. The BER vs. SNR for 16-QAM modulated signals as a function of
frequency for three transmitter-receiver distances.
situations, i.e. the simplest QPSK and the highest-order 64-
QAM. In order to investigate also “average” performance for
typical usage of the channel, we also consider the 16-QAM.
The system performance for the three modulation cases are
shown in Figs. 4, 5 and 6. BER curves vs. SNR are depicted for
the seven different carrier frequencies and for three exemplary
transmitter-receiver distances in LoS.
In Fig. 4 we observe that QPSK is robust enough to the
effect of distance. Indeed, the degradation due to the distance
is lower than 1 dB when the transmitter-receiver separation is
increased from 1 to 5 m. Instead, the effect of frequency is
more signiﬁcant. We observe that for carrier frequencies up
to 62.98 GHz the BER curves have almost the same steep
decay with the increasing SNR, instead for higher frequencies
the BER performance degrades signiﬁcantly. This behavior
can be easily related to the channel properties, with particular
reference to the composition of the multipath in the PDPs as
discussed in [10]. The same experimental CIRs used in this
paper were analyzed in [10] in terms of channel “sparseness”
Fig. 6. The BER vs. SNR for 64-QAM modulated signals as a function of
frequency for three transmitter-receiver distances.
and it came out that in both LoS and NLoS scenarios the
ﬁrst path is always much stronger than the diffuse part, i.e.
the total received signal energy is carried mainly by the
ﬁrst path and the remaining fraction by the diffuse part.
However, it was shown that the effect of increasing frequency
is reﬂected over a general increase of the energy carried by
the diffuse part at expenses of a reduction of the energy
conducted by the ﬁrst path. Instead, the effect of the increasing
distance is a reduction of the total energy, i.e. all samples
for both the ﬁrst path and the diffuse part assume lower
values. Hence, the distance does not affect signiﬁcantly the
multipath composition, but the total signal attenuation, which
is normalized out in this study.
Due to the same reasons, higher modulation orders, i.e. the
16-QAM and 64-QAM, appear still quite insensitive to the
effect of distance, being the SNR required for transmissions
at 1 m just less than 1 dB lower than the SNR required at
5 m, when the frequency is below 62 GHz. However, when
the carrier frequency raises above 62 GHz, the performance
IEEE ICC 2014 - Wireless Communications Symposium
5882
for 16-QAM modulated signals is signiﬁcantly degraded at
distances larger than 3 m.
Fig. 6 shows that the 64-QAM modulated signals can be
transmitted effectively over carrier frequencies below 60 GHz.
Indeed, 64-QAM enables very high-data rate applications,
namely video streaming and real-time applications, which
are subject to very tight QoS requirements for the BER. At
frequencies below 60 GHz at 1 m distance for a SNR of 20 dB,
the BER remains at 10−4, which is acceptable for this kind
of applications. Instead, for distances larger than 1 m, but
frequencies below 60 GHz, the BER raises up to 10−3 which
is still acceptable for real time applications, but not suitable for
video streaming. Beyond 3 m distances, the use of 64-QAM
to enable very high-data rate applications, requires to increase
the SNR beyond 20 dB, which corresponds to triplicate the
SNR required by the QPSK or to double the target SNR for 16-
QAM, in order to fulﬁll the QoS requirements. For frequencies
above 60 GHz, the BER curves decay very smootly, implying
that the required increase in the SNR to reach the target BER
for QoS transmissions becomes prohibitive. This behavior is
related to the channel delay spread. Indeed, a previous study
over the same set of experimental CIRs used in this paper has
shown that for the LoS scenario the RMS delay spread exhibits
very small values ranging from 2 to 5.5 ns, but increases up
to 100% for a distance ranging from 1 to 5 m, whereas the
variation with the frequency is around the 25% [8]. Therefore,
a careful selection of the carrier frequency, which could also
be adaptive, is recommended in order to fulﬁll the energy-
saving and QoS requirements corresponding to the speciﬁc
application by means of the appropriate combination of the
modulation order and range.
VI. CONCLUSION
Link level simulations have been made in order to inves-
tigate the performance of the new standard IEEE 802.11ad
in terms of BER and range for different modulation orders.
The link level simulator was accurately designed to include
all features and functionalities of the IEEE 802.11ad standard.
The performance has been tested against real CIRs recorded
through an indoor measurement campaign over seven different
carrier frequencies on the band 54-65 GHz, with a break
from 59-61 due to the Italian regulation of spectrum usage.
Ranges from 1 to 5 m have been investigated. This analysis
takes into account the only effect of the small-scale statistics
when the transmitter-receiver separation distance changes, i.e.,
the surrounding environment changes, and the interaction
properties of signals at different frequencies with different
materials are accounted for. We obtained a good agreement
between the empirical CDFs and the Rician CDFs with K-
factors calculated from the experimental data. Hence, the link
level simulations were based on the experimental small-scale
averaged power-delay proﬁles and Rician path gains according
to this ﬁt. Our analysis showed that, in general, the impact of
distance (excluding the path loss) on the BER performance is
not signiﬁcant for frequencies below 62 GHz for the QPSK
modulation and below 60 GHz for the 16-QAM and 64-QAM.
For these frequencies a transmission range of 5 m in LoS is
easily reached by the QPSK for a SNR lower than 10 dB and
by the 16-QAM for an almost double SNR level, whereas a
range of 3 m is reached by 16-QAM with a SNR = 14 dB.
For the 64-QAM, due to the stringent requirements for very
high-data rate services associated to higher modulation orders,
a SNR>20 dB, i.e. double with respect to 16-QAM, is
recommended to cover distances larger than 1 m. In general,
it is preferable to allocate higher carrier frequencies to low-
data rate applications, e.g. using QPSK, whereas high-data rate
ﬂows deserve the lower frequencies, e.g. below 60 GHz.
ACKNOWLEDGMENT
This work was partially supported by the ERC Starting
Independent Researcher Grant VISION (Contract n. 240555),
by the MIUR Italian PRIN project GRETA under Grant
2010WHY5PR and by the EUROWEB program. Mr. Rende-
vski is on leave at the University of L’Aquila through the
EUROWEB student exchange program from Ss. Cyril and
Methodius University in Skopje, Macedonia.
REFERENCES
[1] S.-K. Yong, P. Xia, and A. Valdes-Garcia, 60GHz Technology for Gbps
WLAN and WPAN: From Theory to Practice. Wiley, 2010.
[2] Wireless Medium Access Control MAC and Physical Layer PHY Speciﬁ-
cations for High Rate Wireless Personal Area Networks WPANs: Amend-
ment 2: Millimeter-Wave Based Alternative Physical Layer Extension,
IEEE Std P802.15.3c. IEEE Part 15.3, Oct. 2009.
[3] High Rate 60 GHz PHY, MAC and PALs, Standard ECMA-387, ser. 2nd
Ed. ECMA, Dec. 2010.
[4] “IEEE Approved Draft Standard for LAN - Speciﬁc Requirements - Part
11: Wireless LAN Medium Access Control (MAC) and Physical Layer
(PHY) Speciﬁcations - Amendment 3: Enhancements for Very High
Throughput in the 60 GHz Band,” IEEE P802.11ad/D9.0, July 2012
(Draft Amendment based on IEEE 802.11-2012), pp. 1–685, 2012.
[5] C. Zhang, Z. Xiao, H. Wu, L. Zeng, and D. Jin, “Performance analysis
on the OFDM PHY of IEEE 802.11ad standard,” in Internat. Conference
on Computational Problem-Solving (ICCP), 2011, pp. 708–713.
[6] L. Lu, X. Zhang, R. Funada, C.-S. Sum, and H. Harada, “Selection
of modulation and coding schemes of single carrier PHY for 802.11ad
multi-gigabit mmWave WLAN systems,” in Computers and Communi-
cations (ISCC), 2011 IEEE Symposium on, 2011, pp. 348–352.
[7] X. Zhu, A. Doufexi, and T. Kocak, “A performance evaluation of 60 GHz
MIMO systems for IEEE 802.11ad WPANs,” in IEEE 22nd International
Symposium on Personal Indoor and Mobile Radio Communications
(PIMRC), 2011, pp. 950–954.
[8] D. Cassioli, L. A. Annoni, and S. Piersanti, “Characterization of Path
Loss and Delay Spread of 60-GHz UWB Channels vs. Frequency,” in
IEEE Internat. Conf. on Commun. (ICC ’13), Jun. 2013.
[9] S. Piersanti, L. A. Annoni, and D. Cassioli, “Millimeter waves channel
measurements and path loss models,” in IEEE International Conference
on Commununications (ICC ’12), Jun. 2012.
[10] D. Cassioli, “60 GHz UWB Channel Measurement and Model,” in IEEE
Intern. Conf. on Ultra-Wideband (ICUWB 2012). (Invited Paper), 2012.
[11] W. Ciccognani, A. Durantini, and D. Cassioli, “Time Domain Propaga-
tion Measurements of the UWB Indoor Channel using PN–Sequence in
the FCC–Compliant Band 3.6-6 GHz,” IEEE Trans. on Ant. and Prop.,
Apr. 2005.
[12] C. Tepedelenlioglu, A. Abdi, and G. B. Giannakis, “The Ricean K
Factor: Estimation and Performance Analysis,” IEEE Transactions on
Wireless Communications, vol. 2, no. 4, pp. 799–810, July 2003.
[13] L. Greenstein, D. Michelson, and V. Erceg, “Moment-method estimation
of the Ricean K-factor,” IEEE Commun. Lett., vol. 3, pp. 175–176, 1999.
[14] L. Bernado, T. Zemen, J. Karedal, A. Paier, A. Thiel, O. Klemp,
N. Czink, F. Tufvesson, A. Molisch, and C. Mecklenbra¨uker, “Multi-
dimensional K-factor analysis for V2V radio channels in open sub-urban
street crossings,” in IEEE 21st International Symposium on Personal
Indoor and Mobile Radio Communications (PIMRC), 2010, pp. 58–63.
IEEE ICC 2014 - Wireless Communications Symposium
5883
